Pupae of the silk moth, Samia cynthia, were found to contain an inducible antibacterial activity in their hemolymph. This immunity response was provoked by primary infections with either Escherichia coli K-12 or Enterobacter cloacae. In both cases the antibacterial activity was directed chiefly towards E. coli. During standard conditions, 1% of hemolymph could kill 10' to 10' viable E. coli, strain D31, within 5 min. A lower level of antibacterial activity was induced by injections of a sterile salt solution. The killing of strain D31 followed single-hit kinetics, and increasing rate constants were obtained for increasing amounts of hemolymph. The reaction was sensitive to pretreatment with trypsin and it was protected by reducing agents. The activity was inhibited by microgram quantities of lipopolysaccharide (LPS) prepared from certain LPS mutants of E. coli K-12. A comparison of the susceptibility showed that "heptose-less" LPS mutants were more sensitive to killing than other strains. During standard conditions hemolymph will lyse both E. coli and Micrococcus lysodeikticus. Lysis of E. coli followed a multi-hit kinetics and it was inhibited by LPS, whereas lysis of M. lysodeikticus was unaffected by LPS. Hemolymph was fractionated on Sephadex G-200, and the lytic activities were recovered in partly overlapping peaks. Reconstitution with pooled fractions gave synergistic effects with the killing assay.
immunity is a problem in its own right. In addition, studies of insect immunity may be motivated by the facts that: (i) insects are known to lack immunoglobulins and organ transplantations are unopposed by defense mechanisms like those in mammals (4, 9, 17); (ii) insects are known to transmit helminths, protozoa, bacteria, and viruses which cause severe human diseases (19) ; and (iii) microbial control of pests is currently tried as an alternative to chemical insecticides (8, 26) . For each of these aspects, knowledge of insect immunity would further both understanding and applications.
Despite an extensive early literature (9, 17, 33) , relatively little is known about the molecular mechanism behind immunity phenomena in insects. Within the last decade, some authors have studied the antibacterial activity of insect hemolymph (2, 10, 11, 15, 18, 21, 24, 27) . Here we characterize an inducible antibacterial activity, which develops in pupae of the silk moth Samia cynthia after primary infections with either Escherichia coli or Enterobacter cloacae. These bacteria are known to be associated with other silk moths and with the wax moth (33) . Larvae of the latter animal have also been used for several studies of immunity (10, 11, 18, 21, 24, 27, 31, 36) . Pupae of large Lepidoptera seem to have received little or no attention, which is odd since the very stable diapause of animals like S. cynthia make them excellent for laboratory studies. In addition, the molting of the gut may in some species make the immune system of special importance in pupae (31) .
INSECT ANTIBACTERIAL FACTORS Table 1 . This clone was used for the isolation of a streptomycin-resistant mutant designated Btll. Bacillus subtilis was a wild-type strain kept in our stock collection. All strains were grown exponentially in a rich medium to a cell density of about 4 x 10' cells per ml by using conditions described before (25) . The bacteria were harvested by filtration, washed twice on the filter with 0.9% NaCl, and resuspended in NaCl to about the same cell concentration (without any chilling). The bacteria were used as soon as possible after harvest; just before an assay they were diluted 50 to 100 times in the standard buffer (see below). Except for B. subtilis the bacterial strains used were resistant to one or more antibiotics, properties which were used for selective plating with the antibiotic concentrations given in Table 1 . This procedure eliminates the low level of bacterial contamination which could come from our semisterile standard assay (see below).
Standard assay for antibacterial activity. Unless noted otherwise, the standard buffer was 0.1 M sodium or potassium phosphate, pH 6.4, with 2 x 10' M dithiothreitol (DTT, "Cleland's reagent," Sigma Chemical Co., St. Louis, Mo.). The final reaction mixture contained normally 5 or 10 gliters of 10 to 20-times-diluted S. cynthia hemolymph and 100 uliters of test bacteria (normally strain D31) diluted in the standard buffer to give a final concentration of about 5 x 105 cells per 0.1 ml. (Reactions were carried out in 1.5-ml conical tubes of polypropylene, carefully washed and reused.) Using disposable capillary pipettes ("Microcaps," Drummond Scientific Co., Broomall, Pa.), 5-uliter samples were withdrawn from the reaction mixture at different times and emptied into 1 ml of ice-cold 0.9% NaCl. This dilution and chilling effectively stopped the killing reaction. The samples were further diluted, transferred to 3 ml of soft agar at 45 C, and spread on LA plates which for strain D31 were supplemented with 80 Ag of ampicillin or streptomycin per ml at a concentration of 100 jgg/ml (25) 
RESULTS
Induction of S. cynthia antibacterial activity. For Drosophila we have previously shown that a primary inf'ection (referred to as "vaccination") with E. cloacae induced a defense system which protected the flies against a secondary infection with Pseudomonas aeruginosa, an organism which otherwise would kill the flies (6) . To explore the biochemistry behind this protection it was important to reproduce the Drosophila experiment with a larger insect. We therefore took pupae of' S. cynthia, injected one group with E. cloacae (dose of about 3 x 106 viable bacteria per pupa) and the other group with a similar volume of W-saline. Four days later all pupae were challenged by an injection of' P. aeruginosa (dose of about 106 viable bacteria per pupa). Figure 1 shows that this secondary infection was rapidly eliminated from the hemolymph of pupae vaccinated with E. cloacae, whereas in the control pupae P. aeruginosa grew up to more than 109 cells per ml of hemolymph. We also followed the concentration of E. cloacae in the hemolymph, and Fig. 1 shows that the primary infection ("vaccine") persisted longer than P. aeruginosa. This is in agreement with our earlier findings (6) and indicates that for reasons not yet known, cloacae and test for immunity bv a secondary infection with P. aeruginosa. At the start of the experiment three pupae were injected with E. cloacae (0), three control pupae were given W-saline. On day 4 all pupae were giuen injections uwith about 106 viable P. aeruginosa (control pupae, E; vaccinated pupae, 0).
At the times indicated 5-gliter samples of hemolyvmph were withdrawn from the pupae and assaved for viable bacteria by plating on media containing the selective antibiotics gilen in Table 1 . Each individual pupa is represented by one point and the dotted line in bottom part of the figure indicates th,e lowest level of bacteria that could be detected. the primary infecting organism became less susceptible to host defense than was the strain used for secondary infection.
Similar experiments have shown that the antibacterial activity in the hemolymph could be induced also by infections with E. coli strain D31 despite the fact that the organism was rapidly eliminated from the hemolymph. Induction of immunity could occur in developing pupae of both sexes as well as in diapausing pupae. However, no significant immunization was found with living P. aeruginosa or B.
thuringiensis, which both gave fatal infections.
In vitro assay of antibacterial activity with E. coli strain D31. As test organism we selected E. coli strain D31, an ampicillin-and streptomycin-resistant LPS mutant, hoping that our previous knowledge of the strain (5, 7, 25) might be helpful for understanding the antibacterial activity. Our aim was to find conditions under which in vitro killing of strain D31 could be used as an assay. Preliminary experiments showed that reactions performed at room temperature and pH 6.4 with reducing agents like DTT required only 1% hemolymph to give 99% killing in less than 5 min. By using the procedure given in details in Materials and Methods we compared the antibacterial activity of pupae treated in different ways.
Significant antibacterial activities were induced both by living bacteria (E. coli strain D31) and by a sterile physiological salt solution (W-saline) (Fig. 2) . The response obtained with bacteria was always larger and lasted longer than the corresponding effect of W-saline. Immune responses with salt solutions have been reported for other systems (15, 24) and can be explained as wound effects created by the injections. This interpretation is consistant with the observation that in vivo W-saline gave no protection against infections (cf. Fig. 1 ). However, further experiments are needed to investigate whether the difference in Fig. 2 The left part of Fig. 3 shows that at the onset of the reaction the rate of killing followed an apparent single-hit kinetics. However, with low concentrations of hemolymph the rate of the reaction decreased with increasing times. With increasing amounts of hemolymph in the reaction mixture there was an increase in the killing rate. Assuming single-hit kinetics, we have in the right part of Fig. 3 plotted the rate constants obtained from the data in the left part versus the amount of hemolymph in the reaction mixture. With an initial concentration of 3.4 x 105 viable bacteria per 0.1 ml, there was a near-linear relationship between the reaction constants, although the line does not extrapolate to zero.
Properties of the antibacterial reaction. The assay for antibacterial activity uses as "substrate" whole living bacteria. Although the reaction may involve one or more insect enzymes, the sensitivity of the "substrate" makes it impossible to use many of the biochemical reagents frequently employed for the characterization of enzymatic reactions. However, in order to optimize the sensitivity of the assay and possibly to discriminate between different reactions in a multicomponent system, we investigated the factors listed in Table 2 . The results indicate that the defense system was noncellular, that at least one component was lost during a dialysis, that a reducing agent like DTT offered some protection, and that at least one component was sensitive to pretreatment with trypsin. A comparison of LPS obtained from three interrelated strains showed that LPS types, which have lost parts of the core polysaccharide (25), were better inhibitors than intact LPS from wild-type E. coli K-12.
Species and strain specificities of the killing reaction. Mammalian immunity is characterized by a narrow specificity in the defense mechanism induced. Although previous investigators have emphasized that insect immunity does not have a similar specificity (9, 17), referees of an earlier manuscript demanded that we investigate this point in detail. We have therefore compared the killing of four different bacteria by using 5% of hemolymph from two different pupae, one vaccinated with E. coli strain D31 and the other with E. cloacae strain ,B12. Figure 4 shows that in both of the pupae the antibacterial activity was directed primarily against E. coli. The killing of the three other bacteria was hardly significant. However The only gram-positive bacterium included in Fig. 4 Table 2 shows that the inhibitory power of LPS was affected by the carbohydrate composition of the polysaccharide part. We have therefore compared a number of our LPS mutants (7, 25 ) with respect to their susceptibility to killing by 1% of hemolymph (Fig. 5) . Together with other results it indicates that our E. coli K-12 strains could be classified as follows. The least susceptible group contained strains with a normal LPS, the parental strain D21, as well as our envA mutant D22, which is highly permeable to a number of antibiotics (5) . A group of moderately sensitive strains, which have lost some carbohydrates in their LPS, included our common test organism, strain D31 as well as the lpsA mutant D21e7. The most susceptible group contained our two "heptose-less" mutants, D31m4 and D21f2, both of which have lost all heptose, glucose, galactose, and rhamnose in their LPS (7, 25) . We have recently shown that LPS mutants have defects in the barrier function of their outer membranes (7). The difference illustrated in Fig. 5 could therefore be due to an LPS dependent difference in the uptake of the antibacterial activity.
Lytic action of hemolymph. Earlier investigators have reported lytic activities both in insect hemolymph (10, 15, 24, 27) and in the gut (39) . We therefore investigated whether hemolymph from S. cynthia pupae vaccinated with E. coli, strain D31, could also lyse strain D31 and M. lysodeikticus. In both cases we found lytic action. With E. coli and low concentrations of hemolymph, there was a lag period before any detectible lysis occurred (Fig. 6 ). This is consistent with a multi-hit kinetics and with the interpretation that a number of chemical bonds have to be split before the bacteria start lysing.
The lysis of E. coli did not normally go to completeness. The addition of more hemolymph (indicated by the arrows) reinitiated both the killing and the lytic reactions (Fig. 7) . a Relative killing was defined as the ratio between the number of viable bacteria in the control and the number of viable bacteria in the treated sample using standard assay conditions. All viable count values were interpolated from time curves as in Fig. 2 . Dialysis was against water with 2 x 10' M DTT. In the pretreatment experiment trypsin concentration in the reaction was 100 Ag/ml; when added after 1 min it was 1 mg/ml. In the latter experiment relative killing after 1.5 min was 1. LPS was added to the hemolymph 15 min before the start of the reaction. LPS from strain D21 contains in the outer part of the core polysaccharide, heptose, glucose, galactose, and rhamnose. D31 LPS has lost part of the glucose, galactose, and rhamnose. D31m4 is a "heptose-less" mutant with an LPS lacking heptose, glucose, galactose, and rhamnose (25) . with product inhibition of an enzymatic reaction. The killing reaction proceeded faster than the lysis and there was no activity in an untreated pupa (Fig. 7) .
Since the lytic action can be expected to set free significant amounts of LPS, we examined the reaction for LPS inhibition. Lysis of E. coli D31 m4 was susceptible to LPS inhibition, whereas lysis of M. lysodeikticus was insensitive to the same high concentration of LPS (Fig. 8) on anion or cation exchangers with cellulose skeletons. However, Sephadex G-200 resolved hemolymph into two main peaks, which were well separated (Fig. 9) . In an intermediary zone, we could identify the lysing activities against E. coli and M. lysodeikticus, respectively.
In comparable fractionations we assayed also for the killing of strain D31. For those experiments the eluant from the same column as in Fig. 9 was pooled approximately as follows.
Sample A with the yellow pigment of the hemolymph was 20 to 40 ml; sample B was 41 to 57 ml; sample C with most of the antibacterial 1.0 activity was 58 to 68 ml; sample D was 69 to 77 Fig. 9 (15, 16, 18, 29, 36) , and a hemagglutinatons B+E (0), all ing protein has been isolated from a marine e pooled as given in invertebrate (23) . By using hemolymph from e pooledaspgient int vaccinated pupae, we have so far not detected any microscopic evidence for agglutination. Table 2 shows that a large dose of trypsin (1 nity must require mg/ml) added after 1 min only gave a small ;pecially the last decrease in the relative killing after 5 min. Dry likely that the There was no detectible reversing of the killing ied were of insect reaction. These experiments therefore make it unlikely that agglutination contributes to the assays used. In rate of killing observed. ,he main function The insect lysozymes induced by heat-killed efend the animal bacteria (27) may either be part of the defense ural flora, which against gram-positive bacteria or function as Especially large chitinases in the repair of the exoskeleton (22) . as of the digestive The fact that gram-negative bacteria normally explain both the are resistant to egg-white lysozyme makes it that the antibac-unlikely that closely related enzymes (27) could may be signifi-be the only factor responsible for the killing of reported for lar-E. coli. Moreover, we have shown that the alleria mellonella killing and lysis of E. coli was inhibited by LPS, whereas the activity against B. subtilis and M. very difficult to lysodeikticus (Table 2 and Fig. 8 ) was unafDrs. Earlier inves-fected by LPS. It is therefore unlikely that ed that their anti-lysozymes of the type purified from Bombyx onality and their mori and G. mellonella (27) can fully account aluated quantita-for the immunity in S. cynthia.
for the killing of In all our killing experiments with strain D31, ionality with 1 to we initially observed single-hit kinetics (Fig. 2 corded in Fig. 6 to and 3 ). This is contrary to the lysis of strain B+E C 143 VOL. 10, 1974 on October 24, 2017 by guest http://iai.asm.org/ Downloaded from D31, where low hemolymph concentrations gave a lag (Fig. 6 ) compatible with a multi-hit mechanism. We have so far been unable to separate the killing and the lytic activities against strain D31, and the lysis could therefore be either a late stage of a repeated killing reaction or a late step in a sequence of reactions leading to the elimination of the bacteria.
Sense of the LPS inhibition. We have here shown two effects of LPS on the antibacterial defense system of S. cynthia. (i) When hemolymph was preincubated with LPS with a reduced core polysaccharide, there was a pronounced inhibition of the bacterial killing ( Table 2 ). (ii) Bacterial strains with such LPS were more susceptible to killing than the parental strain with wild-type LPS (Fig. 5) . Both of these effects are consistent with the hypothesis that one or more components of the defense system have a strong affinity for either lipid A or the innermost core of the LPS molecule.
From a biological point of view it may look senseless for a host to have a defense system inhibited by LPS. However, Andersson et al. (1) have shown that LPS in vitro can induce the synthesis of immunoglobulins in mammalian lymphocytes. Chadwick and Vilk (11) have reported that large doses of crude LPS in wax moth larvae can induce an immunity lasting about 48 h. In mammals LPS is also known to have an anticomplementary activity (14) , and this fact has been used for tracing complementlike systems in some in vertebrates (12, 20) . Although some of our results could indicate that S. cynthia has a complement-like system, more data are required to justify such a conclusion.
We have sometimes encountered difficulties in reproducing Chadwick and Vilk's immunization with LPS (11) by using S. cynthia pupae and our own LPS samples prepared by the method of Galanos et al. (13) . Disregarding factors like possible species differences (21) , the discrepancy could be resolved by one or more of the following assumptions. (i) The active signal in Chadwick and Vilk's experiments was either an impurity or a degradation product of LPS.
(ii) As suggested for mammals (34) , two signals may be needed and LPS (or lipid A) may be only one of the signals. (iii) The molecule inhibited by LPS could be part of a feedback signal which turns on the gene system needed. The last assumption is in consonance with the observation that a low dose of LPS (0.1 ,ug) in wax moth larvae could induce a large increase in hem6cytes (31) . Clearly, separation and characterization of the components of the hemolymph as well as an effective immunization with "dead" material are required for a better understanding of the antibacterial activity and the LPS effect.
